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EFFECTS OF GAS SHIELDING FLOW RATE ON WELD QUALITY OF 
TIG WELDING IN TI6AL4V ALLOY 
SUMMARY 
The aim of this study was to examine the influence of shielding gas flow rate on the 
microstructure and mechanical behaviour of tungsten inert gas (TIG) welded 
Ti6Al4V alloy, keeping all welding parameters constant except shielding gas flow 
rate. In this study, Ti6Al4V work pieces were welded by TIG welding. Pure argon 
was used as shielding gases. The main parameters varied were gas shielding flow 
rate. Shielding gas mainly affects the thermal condition in, and close to, the weld that 
has significant role in the control of the metallurgical events in the weld. At high 
temperature titanium and its alloy has a favour to react existence oxygen in the weld 
atmosphere, shielding gas should be applied to ensure that inert atmosphere 
protection is maintained until the weld metal temperature cools below 426°C. For 
temperature measurements, thermocouples (type K) were used. A data acquisition 
system was used to sample the signals from the thermocouples. In order to determine 
the weld joints’ strength and failure mode, various characterization techniques such 
as, tensile tests and micro hardness measurements have been carried out. Besides 
that, influences of welding parameters on the quality of the welds were observed by 
micro structural examinations. Basic micro structural investigations were performed 
using optical microscopy with the techniques of light area and dark areas.  
In order to stabilize the welding process, to improve the welded joints features and to 
protect the welded material against oxidation, welding area is generally surrounded 
by shielding gas in TIG welding. The observations demonstrate that final quality of 
the welded joints only can be obtained under the proper shielding gas parameters. 
During welding process Ti6Al4V work pieces surfaces, were exposed to oxidation 
and the oxidation colours were occurred. The colour weld is used as an indicator of 
shielding effectiveness and indirectly weld quality. Visual inspections were carried 
out to evaluate weld quality based on the colour acceptance criteria. Surface colours 
reflect the degree to which weld is exposed to interstitial elements, primarily oxygen, 
at welding temperature. The surface colour of properly shielded weld is a bright 
silver colour. The colour of the oxide layer changes as a function of increasing oxide 
thickness from silver to light and dark straw, purple, dark blue, light blue, yellow, 
dull grey and powder white. Serious deficiency on shielding gas results dark blue 
oxide or white powdery oxide on the weld that is not acceptable based on the colour 
acceptance criteria. 
A correlation was found the formation of oxide layers on the surface of the welded 
Ti6Al4V alloy, caused by defective gas shielding. Experimental results have given 
that from 20 cfh to 30 cfh welding surface avoided from contamination. On the other 
hand although the 10 cfh welding surface has discoloration tensile test results shows 
that 10 cfh has the better mechanical properties than 30 cfh and 20 cfh. In order to 
get useful indications for determining the appropriate shielding gas parameter other 
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welding parameters; like welding speed, filler rate, welding ampere and voltage 
should be optimised together with the shielding gas parameter for application in TIG 
welding of Ti6AL4V alloys. 
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Tİ6AL4V ALAŞIMI TIG KAYNAĞINDA UYGULANAN KORUYUCU GAZ 
PARAMETRESİNİN KAYNAK KALİTESİ ÜZERİNDEKİ ETKİSİ 
ÖZET 
Titanyum ve titanyum alaşımları yüksek mukavemet, düşük ağırlık ve yüksek 
korozyon direnci gibi özellikleri bünyesinde bir arada barındıran önemli mühendislik 
malzemeleridir. Titanyum uzay, uçak ve deniz sanayi alanlarında yoğun olarak 
kullanılmaktadır. Metalin kuvvetli ve rijit yapısı, düşük özgül ağırlığı ve göreceli 
olarak hafif oluşu, yüksek sıcaklıklara dayanıklılığı ve korozyona karşı direnci 
kullanım alanlarının yaygınlaşmasına neden olmuştur.  
Titanyum allotropik bir malzeme olup, oda sıcaklığındaki sıkı paket hekzagonal 
(HSP) kristal yapıdaki α fazı, yaklaşık 885 ˚C'de hacim merkezli kübik (HMK) 
yapıdaki β fazına dönüşür. Saf titanyum için bu sıcaklık "β dönüşüm sıcaklığı" adını 
alır. 
Titanyum alaşımları genelde α, α+β ve β alaşımları olarak sınıflandırılırlar. 
Sınıflandırma derinleştirildiğinde ise α'ya yakın (near α) ve yarı kararlı β alaşımları 
karşımıza çıkmaktadır. Bu alaşımlar, bileşimlerinde α ve β fazlarının kararlılığını 
artıran bir ya da daha fazla kararlaştırıcı alaşım elementleri içerirler. α ve β fazını 
kararlaştırıcı elementlerin uygun bir şekilde ayarlanmasıyla oda sıcaklığında α ve β 
fazlarının karışımı olan bir mikroyapı elde edilebilmektedir. Tavlama sonrasında da 
yüksek süneklik, homojenlik ve yüksek dayanım sağlanmaktadır 
En yaygın kullanılan α+β alaşımı Ti6A14V'dur. 1950'lerde geliştirilmiştir ve bilinen 
ilk titanyum alaşımları arasında gösterilmektedir. Ti6A14V'un üstünlüğü sadece 
dengeli özellikleri değil, kullanılmış ve kullanılmakta olan titanium malzemeler 
arasında en yaygın olarak kullanılanı olmasıdır. Yaygın kullanımı özellikle havacılık 
sanayinde önemli bir kriter olan en çok test edilmiş, denenmiş ve geliştirilmiş 
titanyum alaşımı olmasını sağlamıştır. 
Ti6A14V alaşımı toplam titanyum üretiminin % 50 'inden fazlasını oluşturmaktadır. 
Bu alaşımlardan yüksek mukavemet değerleri elde etmek için ısıl işlem 
uygulanabilmektedir. Bu yüzden α+β alaşımları 350-400 oC arasındaki sıcaklıklarda 
ve özellikle yüksek mukavemet gerektiren uygulamalarda kullanılabilmektedir 
Titanyumun yüksek oksijen afinitesi, oda sıcaklığında dahi yüzeyinde çok ince(nm) 
bir oksit tabakası oluşmasına sebep olur. Titanyum esaslı malzemelerin yüksek 
korozyon dayanımlarının sebebi yüzeyde oluşan bu oksit tabakasıdır.α alaşımlarının 
korozyon dayanımları, β alaşımlarından daha yüksektir. 
Titanyum alaşımları için uygulanan en yaygın kaynak yöntemi TIG kaynağıdır. TIG 
kaynak yöntemi el ile ve otomatik olarak 6,5 mm’ye kadar kalınlıktaki saçların 
birleştirilmesinde başarılı olarak uygulanmaktadır. TIG kaynak elektrik arkın kaynak 
parçası ve tungsten elektrot arasında yanarak füzyon gücü ortaya çıkarttığı bir 
elektrik ark kaynak işlemidir. Elektrod tükenmediği için ana metalin ergitilmesiyle 
veya ilave bir kaynak metali kullanarak kaynak yapılır. Eğer dolgu maddesi 
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kullanmak gerekliyse, dolgu teli çıplak tel gibi otomatik ya da manuel olarak eklenir. 
TIG kaynak ekipmanı temelde TIG torçu, güç kaynağı, kaynak akımı, ark ateşlemesi 
gibi ayarların control sistemlerini kapsayan bir TIG ünitesi ve basınç azaltıcı valfli ve 
akışmetreli koruma gazı tüpünden oluşur. TIG torçunun ana görevi kaynak akımını 
ve koruma gazını kaynak bölgesine taşımaktır. TIG kaynak için kullanılan elektrotlar 
genelde tungstenden yapılır. Tungsteni metal oksit ile alaşımlamakla elektrotun 
iletkenliği arttırılabilir ve böylece yüksek akım yüklerine dayanıklı hale gelir. 
Kaynak işlemi sırasında elektrot, ark ve kaynak havuzu inert koruma gazı ile 
atmosferik havaya karşı korunurlar. Gaz nozulu ile koruma gazı kaynak alanına 
iletilir ve buradaki atmosferik havayı ortadan kaldırır. Gazaltı kaynaklarında kaliteli 
bir birleştirmenin sağlanabilmesi için koruyucu gaz ve ilave metalin seçimi oldukça 
önemlidir. TIG kaynak yöntemi ile birleştirme işlemlerinde Argon; Helyum ve 
Argon – Helyum karışımı koruyucu gaz olarak kullanılmaktadır. TIG kaynak 
yönteminde daha önce belirtildiği gibi koruyucu gaz ile yapılan kaynağın kalitesi ve 
mukavemeti açısından çok önemli olup ark ve ilave metal şekli ile birleştirme 
esnasında harcanan enerji miktarı üzerinde etkili olmaktadır. Seçilen gazın cinsi ve 
kompozisyonu birleştirilen malzemenin mikroyapısına ve mekanik özelliklerine 
önemli şekilde etki etmektedir. 
Kaynak bağlantı özelliklerini iyileştirmek ve kaynak bolgesini oksidasyona karşı 
korumak için TIG kaynağı uygulamalarında genellikle koruyucu gaz 
kullanılır.Yapılan çalışmalarda kaliteli bir kaynak elde etmek için doğru miktarda 
koruyucu gaz uygulamak gerekmektedir. 
Bu çalışmanın amacı koruyucu gaz akış hızı parametresinin tungsten inert gas (TIG) 
kaynağı yöntemi ile birleştirilmiş Ti6Al4V alaşımının, mikroyapı ve mekanik 
özelliklerindeki değişimi gözlemlemek ve uygun koruyucu gaz parametresinin 
seçilmesini sağlamaktır. Kaynak sırasında koruyucu gaz akış hızı parametresi dışında 
tüm kaynak parametreleri sabit tutulmuştur. Bu çalışmada %99,999 saflıkta argon 
gazı kullanılmıştır. Değişik akış hızlarında koruyucu gaz uygulanmıştır. Koruyucu 
gaz kaynak bolgesi termal koşullarını buyuk ölçude etkiler ve bilindiği üzere termal 
koşullar; oluşan kaynak metalurjisi kontrolunde buyuk rol oynar. Yüksek 
sıcaklıklarda titanyum ve alaşımları oksijenle reaksiyona geçmeye eğilim gösterirler, 
bu nedenle koruyucu gazın kaynak havuzu sıcaklığını 426°C’den daha düşük 
sıcaklıklarda tuttuğundan emin oluncaya kadar uygulanması gerekmektedir. Kaynak 
sırasında oluşan sıcaklıklar hakkında bilgi sahibi olmak ve sıcaklığın kaynağın 
mekanik ve mikroyapıya etkisini görmek amacıyla sıcaklık ölçümü yapılmıştır. 
Sıcaklık ölçümü için termocouple (K tipi) kullanılmıştır. Ölçüm sırasında 
temocouple’ın diğer ucu data toplama sistemine bağlanmıştır. Kaynak bağlantısı 
çekme dayanımı ve hasar modunu anlamak için, kaynak numunelerine çekme testi 
yapılmıştır. Kaynak yuzey sertiğini ölçmek için mikro-sertlik ölçümü uygulanmıştır. 
Bunların dışında kaynak parametrelerinin kaynak kalitesindeki etkisini görmek 
amacıyla mikroyapı incelemeleri gerçekleştirilmiştir. Mikroyapı incelemelerinde 
optik mikroskop kullanılmıştır.Çekme testi sonrası kırık yüzey incelemeleri stereo 
mikroskop ile yapılmıştır. 
Kaynak prosesi süresince Ti6Al4V parça yüzeyleri oksidasyona maruz kalmıştır ve 
kaynak yüzeyinde oksidasyona bağlı olarak farklı renkler oluşmuştur. Kaynak rengi 
koruyucu gazın kaynak kalitesi üzerindeki etkisini görmek için bir göstergedir. 
Görsel inceleme yapılarak kaynak kalitesinin değerlendirilmesi titanyum kaynağı 
renk kabul kriterine göre değerlendirilmiştir. Kaynak yüzeyinde oluşan renk, 
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kaynağın kaynak sırasında bulunan oksijene ne kadar maruz kaldığının bir 
göstergesidir. Oksidasyon tabakasının kalınlığına bağlı olarak kaynak rengi gümüş 
renginden koyu ve açık kahve rengi mavi sarı ve pütürlenmiş beyaza döner. 
Koruyucu gaz yoğunlundaki eksiklik, kaynak renginin koyu mavi ve pütürlenmiş 
beyaz renk olmasına sebebiyet verir ve bu durumda kaynak kalite gerekliliklerinden 
geçemez. 
Ti6Al4V kaynak yüzeyinde oluşan oksid tabakasının koruyucu gaz yoğunlundaki 
eksikliğinden kaynakalandığı yapılan deneyler sonucu görülmüştür. Kaynak koruma 
gazı akış hızı azaltıldıkça kaynak yüzeyinde sırasıyla metal renginden sarı, 
kahverengi,lacivert ve kaynak koruma gazının en düşük olduğu durumda köpük 
görünümde beyaz renklenmelerin oluştuğu gözlemlenmiştir. Kaynak koruyucu gaz 
azaldıkça kaynak bölgesindeki sıcaklıklar artmıştır. Kaynak koruyucu gaz azaldıkça 
soğuma hızı azalmıştır, tane boyutlarında büyüme gözlemlenmiştir.  
Yapılan mikro sertlik ölçümleri sonucuda kaynak koruyucu gazı azaldıkça tane 
boyutunun büyümesinden kaynaklanan sertlik değerlerinde hafif bir düşüş 
gözlemlenmesine rağmen kaynak koruyucu gaz en aza indirildiğinde sertlik 
değerinde büyük bir artış gözlemlenmiştir. Bu artışın kaynak yüzeyindeki yetersiz 
korumadan kaynaklanan oksidasyon tabakasının mevcudiyetinin sebep olduğu 
düşünülmektedir.  
Yapılan çekme testleri sonucunda kaynak gazının en düşük olarak uygulandığı 
kaynak numunelerinde kopmanın kaynak bölgesinde olduğu görülmüştür. Kaynak 
koruyucu gaz hızı 30 cfh ve 20 cfh olarak uygulanan numelerin çekme testi 
sonuçlarından yapılan 3 testin 1 adedinde kopmanın kaynak bölgesine yakın bir 
yerden gerçekleştiği görülmüştür. Yapılan kırık yüzey incelemelerinde bu bölgelerde 
kaynak sırasında meydana gelen boşluklar tespit edilmiştir ve kaynak bölgesine 
yakın kırılmaların bu boşluklardan kaynaklanabileceği düşünülmektedir. Kaynak 
akış hızı 10 cfh olarak uygulanan kaynak numlerinin hepsi ana metal bölgesinden 
kırılmıştır. Çekme testi sonuçlarına göre en uygun akış hızı 10 cfh olarak 
değerlendirilirken kaynak yüzey kalitesi bakımından 30 cfh gaz akış hızının en 
uygun olduğu gözlemlenmiştir. Deney sonuçlarına gore Ti6Al4V alaşımı TIG 
kaynağında koruyucu gaz parametresinin kaynağın mekanik ve malzeme özelliklerini 
önemli ölçüde etkilediği gözlemlenmiştir. 
Bu tez kapsamında 1. Bölüm’de giriş ve çalışmanın özeti verilmiştir. 2. Bölüm’de 
TIG kaynağının tarihsel gelisimini veren kısa bir literatür bilgisi ile birlikte TIG 
kaynağı çalısma prensipleri, TIG kaynağı ekipmanları, TIG kaynağı uygulamasında 
koruyucu gazın önemi hakkında açıklamalar yer almaktadır. 3. Bölüm’de titanyum 
ve titanyum alaşımları hakkında literature bilgisi ile birlikte Ti6Al4V alaşımının 
fiziksel özellikleri anlatılmıştır. 4. Bölüm’de titanium ve titanium alaşımlarına 
uygulanan TIG kaynağı hakkında bilgi verilmiştir. 5. Bölüm’de deneysal çalışma ve 
deneysel çalışmaların incelenmesi ile ilgilgili kullanılan yöntemler hakkında 
açıklamalar yer almaktadır. 6. Bölüm’de deneysel çalışmalardan elde edilen sonuçlar 
sırasıyla; kaynak yüzeyi görsel inceleme sonuçları, kaynak sırasında alınan 
sıcaklıkların yorumlanması, kaynak soğuma hızı, mikroyapı incelemeleri, kaynak 
bölgesi tane boyutları, mikro sertlik sonuçları, çekme deneyleri sonuçları ve kırılma 
yüzeyi incelemeleri anlatılmıştır. Son olarak; bu çalışmadan çıkarılan sonuçlar 
aktarılmıştır. 
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1.  INTRODUCTION 
Titanium and its alloy have great mechanical and material properties at elevated 
temperature. The main properties that provide titanium and its alloy usage in 
engineering applications are high strength to weight ratio, good creep resistance at 
high temperature and good corrosion resistance. Mainly they are used in jet engines 
and airframe components that required being functional at temperatures up to 593 ˚C. 
Moreover, these materials are suitable to use for marine and biomedical engineering 
applications that high corrosion resistance is required. 
Generally, regarding to alloying elements and microstructure of the titanium alloy, 
they are classified into four major groups which are pure titanium, alpha phase, alpha 
beta phase and beta phase. The alpha-beta group is the most commonly used alloy in 
industry. Ti6Al4V is the member of this group and it corresponds more than %50 of 
titanium alloy usage at the present day.  
The common weld-joint operation of titanium alloy components is fusion welding 
and that should be noted that welding operation degrades mechanical properties 
relative to base material. Most commonly used process in titanium alloy welding 
operation is TIG welding. 
TIG welding, also known as gas tungsten arc welding (GTAW), and it was called 
heliarc due to the gas that was put to use during the invention of this process. Then 
argon, more efficient gas used for shielding gas, was developed. In the process 
electrode is not consumable and transmits electrons generated from power source to 
welded specimen. During process electrical energy is converted to heat energy that is 
required to melt base and filler material. The weld area needs to be protected from 
atmosphere contamination by shielding gas. GTAW is most commonly used to weld 
thin sections of stainless steel and non-ferrous metals such as titanium, aluminium, 
magnesium, and copper alloys. The operator is required to have eye-hand 
coordination skills. 
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It is important that there are strongly relationship between oxygen and titanium that 
requires protection against the oxidation of titanium during welding. Titanium has a 
tendency to react oxygen at temperatures above 500°C. Additionally, post weld heat 
treatment may be required for optimal microstructure and stress relief. 
The goal of this research is to determine the possible effects of gas shielding 
parameters applied during welding of the Ti6Al4V work pieces. This includes 
metallographic study of the specimens under an optical microscope to analyze the 
micros truce of the work pieces that expose different gas shield parameters. Since the 
welded specimen surface subjected to oxidation, there are several colour occurred on 
the weld surface. This colour is evaluated an indication of weld quality. Weld colour 
is classified as using the titanium weld colour acceptance criteria chart and the 
relationship between weld colour, micro structure and mechanical properties will be 
investigated. Also, it is intended in this research that recognizes any change in the 
size and orientation of the grains caused by welding process. The results from this 
research will assist in the further investigation of certain phenomena like loss of 
strength of the TIG welded Ti6Al4V specimens which may lead to the improvements 
in manufacturing of aerospace titanium alloys. 
The thesis contains in chapter 1 with an introduction and brief summary of the 
research, chapter 2 describes TIG welding and the importance of the shielding gas 
parameter on welding quality. Chapter 3 gives detailed information about the 
titanium and titanium alloy, especially Ti6Al4V. In chapter 4 TIG welding of 
titanium alloy is briefly discussed. In chapter 5 experimental study and inspection 
method of welded Ti6Al4V components are explained. Chapter 5 is followed by the 
results and discussions in chapter 6. Finally, conclusions of this thesis are covered in 
chapter 6. 
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2.  TUNGSTEN INERT GAS (TIG) WELDING 
TIG welding is a welding process that electrode is not consumable and electric arc is 
produced between work piece and tungsten electrode. Filler metal is used during 
welding and it is supplied by hand or metal feeding system. During welding process, 
electrode, arc and melted pool are surrounded by inert gas. Inert gas is an inactivated 
gas that does not burn and adds nothing to or takes anything from the metal. Mainly 
Argon or Helium or both of them are used as shielding gas. The aim to apply gas 
shielding is to prevent weld from oxidation and it is useful to have qualified and 
clean weld.  
Tungsten has high melting temperature which is about 3422˚C; it is approximately 
twice times higher than the melting temperature of welded metals. The extremely 
high melting point of the tungsten allows the formation of the arc without causing the 
electrode to melt. The fact that the tungsten remains stable during the course of the 
welding operation results in the classification of GTAW as a non-consumable 
electrode process. 
TIG welding is mainly used in aircraft industry and process was developed on late 
1930’s and early 1940’s.TIG welding improved the especially magnesium and 
aluminium welding, before that it was difficult to have corrosive resistant and non-
porous weld [1]. 
TIG welding process is differentiae from metal inert gas welding by application of 
non consumable electrode used during welding [1]. 
 
Figure 2.1 : The TIG welding process [2].   
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2.1 Principle of TIG Welding 
The principle of the process is schematically presented in Figure 2.2. [3]. 
 
Figure 2.2 : Principle of TIG welding [3]. 
A plasma arc is created between electrode tip and work piece to be welded by power 
source machine. Ignition pulse is produced with power source with a high frequency 
generator that is large up to several MHz. The frequency and voltage generates 
strong electrical interference around welding cell. The electrical energy is converted 
to thermal energy that provides to melt base and the filler material.  
Depends on the material; base metal surface temperature is 1430˚C to 2230˚C [3]. 
Since the high temperature exists on the welding pool, it tends to react with oxygen 
and creates oxidation on the surface of the base metal. In order to prevent oxidation 
gas shielding is applied into the process.  
The shielding gas is fed into the gas nozzle at a preset flow rate. Also the shielding 
gas is useful to prevent overheating of the welding torch. 
There are three different polarities in GTAW called; direct current (DCEN) with a 
negative electrode, DCEP with positive electrode or alternative current (AC) [3]. 
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Figure 2.3 : Three different polarities in GTAW [4]. 
2.1.1 Direct-current electrode negative (DCEN) 
This is also named as straight polarity and it is most commonly used in GTAW. The 
electrode is connected to the negative terminal of power supply. During the electrons 
passing through the arc, they are discharged from tungsten electrode and accelerated. 
A huge amount of energy is needed to discharge electron from the electrode, is called 
the work function. This energy is released when the electrons come on to the work 
piece surface. In this process the work end of the arc has relatively high power (about 
two-thirds), on the other hand electrode end has relatively less power. Therefore 
narrow and deep weld is generated [4]. 
2.1.2 Direct-current electrode positive (DCEP) 
This is also named as reverse polarity. The electrode is connected to the positive 
terminal of power supply. Shallow weld is generated due the heating effect of 
electrons at the tungsten electrode is higher rather than at the work piece. In order to 
sustain electrode tip from overheating water-cooled electrodes has to be used [4]. 
2.1.3 Alternating current (AC) 
In order to have sufficient penetration and oxide cleaning action alternating current 
(AC) can be used. AC is mainly used for the welding of aluminium and magnesium 
[4]. 
2.2 TIG  Welding Advantages and Disadvantages 
Limited heat input of TIG welding enables to join thin sections. Since TI gelding 
process is a clean process, it is suitable to weld reactive metals, such as titanium, 
magnesium and aluminium. The feeding rate of the filler metal is somewhat 
independent of the welding current, thus it is allowing a variation in the relative 
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amount of the fusion of the base metal and the fusion of the filler metal. Therefore, 
the control of dilution and energy input to the weld can be achieved without 
changing the size of the weld. However, the deposition rate in GTAW is low. 
Excessive welding currents can cause melting of the tungsten electrode and results in 
brittle tungsten inclusions in the weld metal. However, by using preheated filler 
metals, the deposition rate can be improved. In the hot-wire GTAW process, the wire 
is fed into and in contact with the weld pool so that resistance heating can be 
obtained by passing an electric current through the wire [4]. TIG welding arc enables 
pin point control of heat input to the work piece that provides narrow heat affected 
zone. Low filler metal deposition rate is disadvantage of TIG welding process. There 
is another disadvantage that welding operator needs to have hand–eye coordination 
skills. In order to keep shielding gas parameter as constant welding process needs to 
be performed in an isolated cabin [5]. 
2.3 TIG Welding Equipment 
2.3.1 Power supply 
The power supply provides the current and voltage for welding. There are two kinds 
of arc welding power supply commercially classified as constant current (CC) and 
constant voltage (CV). The constant current arc welding power supply can facilitate 
to using direct or alternating polarity. It is commonly used for the shielded metal arc 
welding process, gas tungsten arc welding process, and the plasma arc welding 
process. The constant voltage power source is typically preferred for continuous wire 
processes such as submerged arc welding, gas metal arc welding, and flux-cored arc 
welding. Furthermore, many modern machines are designed to operate at a 
continuously variable volt-ampere characteristic, such that the machine setting can be 
optimized for the specific application. It is noted that for some applications a 
constant power characteristic, which remains a variable depending on the 
application, is desired. The electrical power source usually provides controlled 
current, which is typically selected in the range of 50 to 500 Amperes. This current 
may be pulsed or constant [6]. 
Depends on material to be welded, power source can be chosen as either AC or DC. 
Three types of polarities which are DCEN, DCEP and AC can be used in TIG 
welding process. The major difference among the current is in their heat distribution 
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and the presence or degree of arc cleaning [7]. The choice of polarity has a 
significant effect on weld. The DCEP positive ions of the shielding gas bombard the 
work piece knocking off oxide films and producing a clean weld surface. Therefore, 
DCEP can be used for welding thin sheets of strong oxide-forming materials such as 
aluminium and magnesium, where deep penetration is not required [4]. 
2.3.2 Welding torch 
The main objective of the welding torch is to transfer welding arc and shielding gas 
to the welding area. There are many kinds of welding torch for TIG welding process. 
They can be air-cooled or water cooled and generally fitted to hose assembly. High 
production or high amperage torches are usually water-cooled while lighter duty 
torches for low amperage applications may be air-cooled [8]. 
 
Figure 2.4 : TIG torch [8]. 
Torch is composed of collets, collets body, gas lenses and nozzles. Collets body is 
placed in torch body. It is replaceable and it accommodates various size tungsten and 
their respective collets [8]. 
Collets hold the welding electrode. It is usually made of cupper and cupper alloy. 
Good electrical contact between the collets and tungsten electrode is essential for 
good current transfer [8]. 
A gas lens is a device that replaces the normal collets body. It attaches to the torch 
body and is used to reduce turbulence and produce a longer undisturbed flow of 
shielding gas [8]. 
Gas nozzles or cups, are made of various types of heat resistant materials in different 
shapes, diameters and lengths. The nozzles are either screwed into the torch head or 
pushed in place. Nozzles can be made of ceramic, metal, metal-jacketed ceramic, 
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glass, or other materials. Ceramic is the most popular, but are easily broken and must 
be replaced often. Nozzles used for automatic applications and high amperage 
situations often use a water-cooled metal design [8]. 
Gas nozzles or cups must be large enough to provide adequate shielding gas 
coverage to the weld pool and surrounding area. A nozzle of a given size will allow 
only a given amount of gas to flow before the flow becomes turbulent. When this 
occurs the effectiveness of the shielding is reduced, and nozzle size must then be 
increased to restore an effective no turbulent flow of gas [8]. 
 
Figure 2.5 : TIG torch components [8]. 
2.3.3 Electrode 
Based on the each welding application electrode selection is important that depends 
on electrode material, diameter, and grind angle and tip diameter. Electrode material 
and geometry effects the following: shorter vs. longer electrode life, easier vs. more 
difficult arc starting, deeper vs. shallower weld penetration, wider vs. narrower arc 
and weld shape [6]. 
Tungsten electrode is generally used in TIG welding. Pure tungsten has high heat 
resistant and fusion point of pure tungsten is approximately 3380˚C. Electrodes are 
made from pure tungsten or alloyed with oxide of cerium, lanthanum, thorium, or 
zirconium. These compositions of tungsten have better conductivity and arc striking 
ability.  
Tungsten electrodes are classified on the basis of their chemical compositions, as 
shown Table 2.1 from ANSI-AWS A5.12 [9]. 
 
Figure 2.6 : Electrodes are colour marked at the end of 10mm [9]. 
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There is colour classification in order to differentiate tungsten and tungsten oxide 
electrodes. For instance; pure Tungsten is marked as green. It is usually used in 
aluminium and aluminium alloy with AC polarity. Tungsten electrode with 2% 
thorium is marked as red. It is used in low alloy steel and stainless steel alloy 
welding. 
Table 2.1 : Tungsten and tungsten alloy electrodes [9]. 
Classification Colour 
Alloying 
Element 
Alloying 
Oxide 
Nominal Weight 
of 
Alloying Oxide, % 
EWP Green - - - 
EWCe-2 Orange Cerium CeO2 2 
EWLa-1 Black Lanthanum La2O3 1 
EWLa1.5 Gold Lanthanum La2O3 1.5 
EWLa-2 Blue Lanthanum La2O3 2 
EWTh-1 Yellow Thorium ThO2 1 
EWTh-2 Red Thorium ThO2 2 
EWZr-1 Brown Zirconium ZrO2 0.25 
Tungsten electrode diameter size is between 0.5 and 8 mm. Most commonly used 
electrode diameters are 1.6-2, 4-3, 2 and 4mm.Electrode diameter is directly related 
with amperage that is needed to be applied during welding. For given amperage, 
larger diameters offer longer electrode life but may be more difficult to arc start at 
low amperages [6]. 
 
Figure 2.7 : Diagram of the electrode diameter and included angle [6]. 
Larger and smaller tip diameters offer the following trade-offs as seen in Table 2.2: 
Table 2.2 : Advantages and disadvantages of electrode tip diameters [6]. 
Smaller Tip Larger Tip 
Easier arc starting Usually harder to start the arc 
Potential for more arc wander Good arc stability 
Less weld penetration More weld penetration 
Shorter electrode life More electrode life 
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It is important that tungsten electrode tip should be grinded correctly. The working 
tip of the electrode should be ground to a point on a silicon carbide grinding wheel 
kept only for that purpose. The grinding marks on the electrodes must run along the 
taper and not circumferentially round the tip, otherwise the electric current will flow 
incorrectly and the weld will be contaminated by the atmosphere [1]. 
 
Figure 2.8 : Preparing tungsten for DCEN welding or AC [10]. 
There are advantages and disadvantages of electrode tapers. The fusion zone depends 
on electrode tip diameter. 
Table 2.3 : Advantages and disadvantages of electrode tapers [6].  
Sharper Electrodes Blunter Electrodes 
Easy arc starting Usually harder to start the arc 
Handle less amperage Handle more amperage 
Wider arc shape Narrower arc shape 
Good arc stability Potential for more arc wander 
Less weld penetration Better weld penetration 
Shorter electrode life Longer electrode life 
2.3.4 Filler rod 
In TIG welding process electrode is nonconsumable and thus does not become part 
of the weld, this feels the need to use filler rod. This filler wire is usually applied by 
hand or feeding machine. Filler rod composition is selected according to base metal 
composition. Filler rods should be stored in clean dry conditions to prevent 
deterioration. They should be free from rust, scale, oil grease and moisture, which 
would contaminate welds, and be cleaned, with stainless steel wool or smooth 
aluminium oxide cloth immediately before use. Against the oxidation the hot end of 
the filler rod should be kept in the surrounded shielding gas [11]. 
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Filler material are included in the American Welding Society (AWS).Each wire 
composition is classified by a numbering system similar to grade designation used in 
the ASTM specifications for corresponding base materials. According to latest 
addition of AWS A5.16 these material shall conform to the AWS classifications ER 
Ti-1, -2, -3 and -7 [12]. To ensure a higher degree of quality control, conformance 
testing of each lot of material should be performed in accordance with Schedule J of 
AWS A5.01 [13]. Table 2.4 presents the chemical composition requirements from 
A5.16. 
Table 2.4 : Chemical composition of filler material for Ti and Ti alloy [13]. 
Elements 
Composition, weight percent 
ERTi-1 ERTi-2 ERTi-3 ERTi-7 
Nitrogen, max 0.015 0.020 0.020 0.020 
Carbon, max 0.03 0.03 0.03 0.03 
Hydrogen, max 0.005 0.008 0.008 0.008 
Iron, max 0.10 0.20 0.20 0.20 
Oxygen, max 0.10 0.10 0.10-0.15 0.10 
Palladium - - - 0.12-0.25 
Titanium remainder remainder remainder Remainder 
ASTM Base Material Gr. 1 Gr. 2 Gr. 3 Gr. 7 
2.3.5 Gas shielding 
Inert gas is used to protect the weld, heat-affected zone (HAZ) and adjacent base 
material from interstitial contamination by atmospheric elements at welding 
temperature. There is basically two inert gas is used for shielding purposes for TIG 
welding, those are argon and helium. High purity of shielding gas is a significant 
requirement for TIG welding. The purity required is at level of 99.995%. The purity 
and dew point requirements from the ANSI/AWS A5.32 are presented in Table 2.5 
[14]. 
Table 2.5 : Shielding gas purity and dew point [14]. 
Gas AWS 
Class. 
Product 
State 
Minimum 
Purity 
% 
Maximum 
Moisture 
ppm 
Dew point at 
Maximum 
Moisture Content 
Argon 
SG-A Gas 
Liquid 
99.997 
99.997 
10.5 
10.5 
-76 
-76 
Helium 
SG-H Gas 
Liquid 
99.995 
99.995 
15 
15 
-71 
-71 
Gas density is the main factor that has effectiveness on the characteristic and the 
behaviour of the arc and the resultant weld bead. Since argon has higher density than 
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helium, the helium flow rate should be set to two to three times that of argon [11]. 
Argon is also more obtainable and cheaper than helium. 
Table 2.6 : Physical properties of shielding gases [15]. 
Gas 
Molecular 
Weight 
Density 
lb./cu. ft. 
Ionization 
Potential 
Ev 
Thermal Conductivity 
10-3 Btu/hr-ft-⁰F 
Argon 39.95 0.114 15.7 9.69 
Helium 4.00 0.0111 24.5 85.87 
Penetration is influenced by gas thermal properties. Argon has lower thermal 
conductivity, generates a welding arc with two zones: a narrow hot core and a 
considerably cooler outer zone. On the other hand helium has higher thermal 
conductivity that conducts more of the heat outward from the centre core, resulting in 
a wider, hotter arc. Sometimes the mixture of argon and helium (75% argon and 25% 
helium) is used to get improved shielding gas characteristic. Figure 2.9 shows the 
penetration profile of the different shielding gases [15]. 
 
Figure 2.9 : Arc voltage as a function of the shielding gas [15]. 
Shielding gases are supplied in cylinders or as a liquid in insulated tanks. Application 
of sufficient flow rate is an important parameter to protect weld pool and tungsten 
electrode against to oxidation.  
The correct flow rate in cubic feet per hour is influenced by many variables that must 
be taken into account for each application. For instance, when the welding current, 
nozzle diameter, or electrode stick out is increased, the flow rate should be increased. 
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Figure 2.10 : A typical regulator/flow meter installation [11]. 
In order to prevent contamination of both weld pool and the tungsten electrode from 
the surrounding atmosphere, both pre flow and post flow are applied. The purpose of 
the shielding pre flow is to clean the initial stage of the weld. After welding, the filler 
rod and tungsten electrode are still hot enough to react with oxygen in the 
atmosphere, to prevent oxidation at this stage post flow is applicable. 
Protection of the weld pool against to oxidation can be achieved by surrounded the 
backside with shielding gas. Moreover trailing gas should be applied to protect weld 
pool and tungsten when the weld occurs to fast. Trailing shields are available as 
separate devices that attach to the torch or torch nozzle. Back or trail shielding is 
required on reactive metals like titanium, stainless steel etc.   
2.4 Process Parameters in TIG Welding 
There are three main parameters in TIG welding process which are presented in 
Figure 2.11. The first group is consists of current, travel speed, arc length, wire speed 
and these are set prior to the process. Pool geometry, temperature and NDT are 
included in second group. Weld pool characteristics; like bead geometry, indications 
and distortion are grouped as third one [16]. 
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Figure 2.11 : TIG process with its three parameter groups [16]. 
2.5 Heat Input 
In TIG welding, electric arc transmits the electric energy from welding torch to the 
base metal to be welded.  Both base metal and filler metal melt to create weld. This 
melting requires sufficient energy that is supplied from electrode [17]. 
Heat input is a relative measure of the energy transferred per unit length of weld. 
Weld cooling rate is mainly related with heat input that is directly affects the 
mechanical properties and metallurgical structure of the weld and HAZ. Heat input is 
typically calculated as the ratio of the power (i.e., voltage x current) to the velocity of 
the heat source (i.e., the arc) as follows [17]: 
S
EI
H
1000
60
  (2.1) 
Where, 
H = heat input (kJ/in or kJ/mm) 
E = arc voltage (volts) 
I = current (amps) 
S = travel speed (in/min or mm/min) 
2.6 Heat Effects of Welding 
During welding there is heating rate and cooling rate duration in the process and this 
heat transfer phenomena plays a significant role in the welding. Temperature fields, 
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residual stresses and distortion that occur during welding or after welding are 
resulted from heat effects of welding. 
Also weld pool is significantly influenced by both heats input and welding speeds. 
Increase of the heat input and welding speeds cause becoming more elongated weld 
pool [4]. 
Metallurgical events are controlled by thermal condition in, and close to, the weld. 
Interesting parameters to control are; the distribution of peak temperature in the 
HAZ, cooling rates in the weld metal and in the HAZ, and the solidification rate of 
the weld metal. Figure 2.12 shows important temperature characteristic [18]. 
 
Figure 2.12 : Important temperature characteristics [18]. 
Welded area metallurgical micro structure can be predictable, if the cooling rate in a 
specific point along the weld line is known.  
Cooling rates are important in the welding of heat-treatable steels. This is due to the 
formation of martensite in the welded area. In the case of carbon and low alloy steels, 
the temperature at which the cooling rate is calculated is not critical. Therefore, the 
major use of cooling rates is to calculate the preheating temperature [18]. 
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Figure 2.13 : Temperature contour plots with different welding parameters. Upper 
left: welding speed 2.0 mm/s, Upper right: welding speed 3.0 mm/s. 
Lower left: welding current 100 A, Lower right 80 A [18]. 
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3.  TITANIUM AND TITANIUM ALLOY (TI6AL4V) 
3.1 Titanium History 
Comparing with the steel and aluminium alloy, titanium and its alloys is a relative 
newcomer to the field of structural materials. Titanium is discovered by W. Gregor 
and M.H. Klaproth in 1790, it was not until the 1940’s and 1950’s that interest 
increased in titanium as a structural material due to its high specific strength, 
corrosion resistance and fracture toughness. Extraction of the titanium from its ores 
is known as Kroll’s process and this process was developed in 1950, titanium was 
not introduced to commercially until that time [19]. 
Since titanium cost is very high, initially it brings limitation to use to aerospace and 
marine applications. However at the same time titanium strength to weight ratio is 
higher and also it is high corrosive resistant material, considering these advantages 
titanium usage become more feasible and recently it is widely used in aerospace and 
marine applications. It is also used in biomedical applications, athletic equipment and 
jewellery [20]. 
3.2 Titanium Alloy Classification 
Pure titanium (CP Ti) has an allotropic phase transformation from the lower 
temperature hexagonal close packed (hcp) α phase to the body centred cubic (bcc) β 
phase at 882˚C [19]. 
 
Figure 3.1 : Schematic view of titanium crystal structure (a) HCP (b) BCC [21]. 
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Alloying elements effects phase transformation temperature. Elements such as O, Al, 
N and C are α stabilizers and they cause to increase the allotropic phase 
transformation temperature. Elements which β stabilize the phase and therefore lower 
the allotropic transformation temperature are classified into two groups. The first 
group is known as -eutectoid formers and includes elements such as Cu, Cr, W and 
Fe. The other group is known as β- isomorphous elements and they include elements 
such as V, Mo, Nb and Ta. Based on the amount of alloying elements added to Ti, 
the resulting titanium alloy will be classified as either an α, near α alloy, α+β alloy or 
a meta stable β or β stabilized alloy [22]. 
 
Figure 3.2 : Pseudo-binary schematic illustrating effect of β-isomorphous 
concentration of Ti-alloys [20]. 
3.2.1 α and near α alloys 
α phase stabilizing element and smal amount of β stabilise such as Fe and V compose 
this alloy. The main part of microstructure is α phase with the small amount of β 
phase present to pin the grain boundaries [20]. 
Alpha alloy increases corrosion resistance. These alloys exhibit good weld ability 
due to a lack of response to heat treatment and are good for cryogenic applications as 
they do not have a ductile-to-brittle transition. Forge ability of the material is not 
good due to the hcp structure of the α phase. A list showing various α and near α 
alloy can be seen in Table 3.1 [20]. In addition, alpha alloys are generally more 
resistant to creep at elevated temperature than alpha-beta and beta alloys [23]. 
19 
 
Table 3.1 : List of various α alloys [20]. 
Grade or Alloy 
O 
(max) 
Fe 
(max) 
Other Additions 
σ 
(Mpa) 
CP Titanium     
CP Titanium Grade 1 0.18 0.20  170 
CP Titanium Grade 2 0.25 0.30  275 
CP Titanium Grade 3 0.35 0.30  380 
CP Titanium Grade 4 0.40 0.50  480 
Ti-0.2Pd (Grade 7) 0.25 0.30 0.12-0.25Pd 275 
Ti-0.2Pd (Grade 11) 0.18 0.20 0.12-0.25Pd 170 
Ti-0.2Pd (Grade 16) 0.25 0.30 0.04-0.08Pd 275 
α Titanium Alloy     
Ti-0.3Mo-0.9Ni (Grade 12) 0.25 0.30 0.2-0.4Mo,0.6-0.9Ni 345 
Ti-3Al-2.5V (Grade 9) 0.15 0.25 2.5-3.5Al, 2.0-3.0V 485 
Ti-3Al-2.5V-0.05Pd (Grade 
18) 
0.15 0.25 
2.5-3.5Al, 2.0-3.0V, 
(+Pd) 
485 
Ti-3Al-2.5V-0.1Ru (Grade 28) 0.15 0.25 2.5-3.5Al, 2.0-3.0V (+Ru) 485 
Ti-5Al-2.5Sn (Grade 6) 0.20 0.50 4.0-6.0Al, 2.0-3.0Sn 795 
Ti-5Al-2.5Sn ELI 0.15 0.25 4.75-5.75Al, 2.0-3.0Sn 725 
3.2.2 α/β alloys 
Mainly for commercial application the α/β titanium alloys are the most widely used 
titanium alloys. They comprise over half of all titanium usage in the U.S. in 1998 
with 56% of the total usage being Ti6Al4V [20]. Small amount of β phase is still 
available at room temperature. This alloy improves strength, ductility, fatigue and 
fracture properties. The α to β transformation temperature is known as the β transus 
temperature. The microstructure can be varied by varying the solution and aging 
temperatures and times as well as cooling rates from above the β transus. A list of 
other commercial α/β alloys can be seen in Table 3.2 [20]. Figure 3.3 shows the 
alpha and the transformed beta phases. 
The α+β can be consisted of martensite for sufficiently cooling rates and will be 
available in two phase system which is shown in Figure 3.3. In order to obtain 
strengthened α+β alloys, heat treatment operation is made under control in which 
quenching from a temperature within the α-β phase field and applying an aging cycle 
at a selective temperature [25]. 
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Figure 3.3 : Microstructure of the primary alpha and transformed beta phases in 
Ti6Al4V [24]. 
By quenching, the β-phase is suppressed, with aging followed, allows for 
precipitation of fine α resulting in a stronger alloy. Generally, these two phase alloys 
are stronger than the α-alloys; however, their ductility is reduced [26]. List of 
commercial α/β alloys are presented in Table 3.2. 
Table 3.2 : List of commercial α/β alloys [2]. 
Grade or Alloy O (max) Fe (max) Other Additions σ (Mpa) 
α +β Alloys     
Ti-811 Ti-8Al-1V-1Mo 1040 
IMI 685 Ti-6Al-5Zr-0.5Mo-0.25Si 1020 
IMI 834 Ti-5.8Al-4Sn-3.5Zr-0.5Mo-0.7Nb-0.35Si-0.06C 1045 
Ti-6242 Ti-6Al-2Sn-4Zr-2Mo-0.1Si 995 
Ti-6-4 Ti-6Al-4V (0.20O) 995 
Ti-6-4 ELI Ti-6Al-4V (0.13O) 975 
Ti-662 Ti-6AL-6V-2Sn 945 
IMI 550 Ti-4Al-2Sn-4Mo-0.5Si 975 
3.2.3 Metastable β alloys 
This alloys keeps β phase upon quenching the room temperature, martensitic 
transformations not occurred in this alloy. The properties of these alloys include high 
tensile and fatigue strengths but poor high temperature creep and oxidation resistance 
except in the case of β-21S [27]. 
This alloy has high hydrogen tolerance of the β phase that brings advantage on the 
increase of the corrosive resistance and in some aspects their corrosion resistance is 
higher than α/β alloys [20]. 
The β-alloys subjected to heat treatment, while heat treating fine α particle is 
nucleated in the β-phase. Fundamentally, heat treat operation is applied to obtain 
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strengthened β-alloy. They offer an attractive alternative to the α+β alloys due to the 
increased heat treatability and inherent ductility which is the result of their body 
centred cubic structure [28].  
3.3 Application and Control of Titanium Alloys 
Rotating components such as jet-engine blades and gas turbine parts require titanium 
alloys that maximize strength efficiency and metallurgical stability at elevated 
temperatures. These alloys also must exhibit low creep rates along with predictable 
behaviour with respect to stress rupture and low-cycle fatigue. To reproducibly 
provide these properties, stringent user requirements are specified to ensure 
controlled, homogeneous microstructures and total freedom from melting 
imperfections such as alpha segregation, high-density or low-density tramp 
inclusions, and unhealed ingot porosity or pipe. The greater the control is, however, 
the greater the cost will be [23]. 
Aerospace pressure vessels similarly require optimized strength efficiency, although 
at lower temperatures. Required auxiliary properties include weld ability and 
predictable fracture toughness at cryogenic-to-moderately elevated temperatures. To 
provide this combination of properties, stringent user specifications require 
controlled microstructures and freedom from melting imperfections. For cryogenic 
applications, the interstitial elements oxygen, nitrogen, and carbon are carefully 
controlled to improve ductility and fracture toughness. Alloys with such controlled 
interstitial element levels are designated ELI (extra-low interstitial), for example, 
Ti6Al4V-ELI. Aircraft structural applications, along with high-performance 
automotive and marine applications also require high-strength efficiency, which 
normally is achieved by judicious alloy selection combined with close control of mill 
processing. However, when the design includes redundant structures, when operating 
environments are not severe, when there are constraints on the fabrication methods 
that can be used for specific components, or when there are low operational risks, 
selection of the appropriate alloy and process must take these factors into account 
[23]. 
There are instances of less highly loaded structures in which titanium normally is 
selected because it offers greater resistance to temperature effects than aluminium 
does or greater corrosion resistance than brass, bronze, and stainless steel alloys 
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provide. In such cases, commercial availability of required mill products and ease of 
fabrication customarily dictate selection [23]. 
 
Figure 3.4 : Typical titanium alloy casting for aircraft gas turbine use [23]. 
3.4 Properties of Ti6Al4V 
Ti6Al4V is one of the most commonly used titanium alloys due to its favourable 
combination of physical and mechanical properties. This alloy is oftentimes thermo-
mechanically treated to produce a desired amount of equiaxed and inter granular with 
a fine grain size for optimum mechanical properties. However, micro structural 
changes such as annealing, recrystallization, and phase transformation to high 
temperature during welding alter the grain size, phase ratios, and micro structural 
morphologies in the weld region [29]. Titanium alloy Ti6Al4V can be used in 
applications where the working temperature is less than 300ºC. 
In pure titanium two elementary crystal structures are found, namely alpha (α) and 
beta (β). The α phase has a hexagonal close-packed (hcp) structure and is the stable 
phase at low temperature. The β phase has a body-centred cubic (bcc) structure and is 
stable at high temperatures up to the melting point. Ti6Al4V belongs to the α / β 
alloy family, with 6 weight % aluminium that is stabilizing the α phase and 4 
weight % vanadium stabilizing the β phase. Consequently, the equilibrium 
microstructure of the alloy at room temperature consists mainly of the α phase with 
some retained β phase. The β-transus defines the temperature above which the 
equilibrium microstructure will consist only of β phase. β-transus is approximately 
1000ºC for Ti-6Al-4V [41]. 
Different varieties of phase morphologies form depending on the temperature history 
of the alloy. Figure 3.5 shows different microstructure that can be formed depending 
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on the cooling rate. During fast cooling, denoted as water quenched in the Figures 
3.5 c) and e), the β phase will transform into martensite α’. The martensite α’ will 
then recover to α + β after longer time maintained at medium high temperature as 
indicated in the lower part of the TTT-diagram in Figure 3.6. While for slower 
cooling rates from high temperature, exemplified by air cooling in Figures 3.5 b) and 
d), the α phaseforms Widmanstätten plate-like or basketweave acicular α (with 
transformed β) by nucleation and growth. Widmanstätten α takes different 
morphologies depending on the cooling rate, spanning from aligned platelets in 
colonies to a “basketweave” type of structure. The basketweave structure is assumed 
to be a finer form of Widmanstätten morphology interpreted to be colonies of α -
plates formed with specific orientations to each other [41]. 
 
Figure 3.5 : The microstructure of Ti-6Al-4V for different cooling processes adapted 
from Donachie (2000) [41]. 
24 
 
 
Figure 3.6 : Time-Temperature-Transformation (TTT) diagram for Ti-6Al-4V 
(Donachie 2000). The alloy was solution annealed at 1020ºC, and 
quenched to a given temperature where the transformation was 
observed [41]. 
The Ti6Al4V titanium alloy is commercially available in two grades: Grade 23 (ELI) 
and Grade 5 (higher impurity). The commercial grade is generally used in gas turbine 
engine parts, chemical reactors, and bioengineering applications [30]. A common 
property of titanium is the ability to form a passivity film (oxide), and thereby 
exhibits a high degree of immunity to attack by most mineral acids and chlorides 
[31]. Mechanical and physical properties for Ti6Al4V, both Grade 5 and the ELI 
Grade 23 at room temperature are provided in Table 3.3. The β-transus for 
commercial Ti6Al4V and Ti6Al4V ELI grade is reported as 990°C and 975°C, 
respectively [26]. 
Table 3.3 : Physical and mechanical properties of Ti6Al4V (Grade 5 & 23) [10]. 
 
Ultimate 
Strength 
(Mpa) 
0.2% Yield 
Strength 
(MPA) 
Elongation 
(%) 
Hardness 
(HRC) 
Thermal 
Conductivity 
(W/m-K) 
Grade 5 
(Commercial) 
896-992 827-924 14 36 66-68 
Grade 23 
(ELI) 
827-896 758-827 15 35 66-68 
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Table 3.4 : Mechanical properties of Ti6Al4V [32]. 
Ti 6Al 4V 
 
ASTM GRADE (UNS NO.) 
GRADE 5 (R56400) 
 
Chemical Composition (wt. %) 
0.08C; 0.25Fe; 0.05N; 0.20O; 5.50-6.75Al; 3.5-
4.5V; 0.0100H (billet);  
0.0125H (bar);  
0.0150H (sheet) 
TENSILE PROPERTIES 
Typical Elevated Temperature Properties 
@ R.T 150 ⁰C 260 ⁰C 370 ⁰C 
Ultimate Strength  
MPa  
 
896 845 758 690 
Yield Strength, 0.2% offset MPa 
 
827 724 641 565 
Elongation in 51 mm (2") gage 
length (%) 
 
10 16 17 18 
Reduction in Area - Bar,  
Billet & Forging only (%) 
 
25 35 40 45 
Nominal Hardness 
 
    33 HRC 
Table 3.5 : Physical properties of Ti6Al4V [32]. 
PHYSCICAL 
PROPERTIES 
Ti6Al4V (Grade5) 
Nominal Beta Transus °C 996 
Density g/cm3 4.43 
Melting Point, Approx. °C 1650 
Electrical Resistivity @ 
R.T. 10-6 ohm•cm 
171 
Modulus of Elasticity – 
Tension GPa 
114 
Modulus of Elasticity – 
Torsion GPa  
42 
Thermal Conductivity 
W/m•°C 
6.6 
Specific Heat J/Kg•°C 565 
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3.5 Physical Metallurgy of Titanium 
 
Figure 3.7 : Ti-Al phase diagram [21]. 
Depending on the cooling rate, the lamellae are either fine or coarse. Slow-cooling 
from β phase field results in pure lamellar microstructure, with the lamellae 
becoming coarser with reduced cooling rate. Rapid quenching leads to a martensitic 
transformation of β, resulting in very fine needle-like microstructure. Unlike the 
martensite known in steels, which leads to strong distortion of the crystal lattice 
accompanying increase in hardness and strength, the hardening affect observed for 
titanium alloys on martensitic transformation is only moderate [21]. 
The chemical compositions of the α and β phases change in two phase field with 
decreasing temperature under equilibrium conditions. Vanadium strongly enriches β 
and thus stabilizes this phase at lower temperatures. The Figure 3.6 shows the 
equilibrium phase diagram of Ti-Al and V. In Figure 3.6 a, c, d β is seen as a small 
seam around the coarse and light α lamellae, this means photographs are taken from 
slow cooled specimens. With high cooling rates from temperature above the 
martensitic start temperature (MS) and through the two-phase field, β transforms into 
martensite which is shown in Figure 3.6 d. The martensitic temperature is varies 
depending on the starting structure and homogeneity of the microstructure. At lower 
temperatures, the β volume fraction further decreases and no longer transforms to 
martensite at temperatures below MS which is seen in Figure 3.6 f [21]. 
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Figure 3.8 : Microstructure of Ti6Al4V after slow cooling (50 ⁰C/h) and water 
quenching from 1050 ˚C, 800 ˚C, and 650 ˚C  [21]. 
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Unlike lamellar microstructures, equiaxed microstructures are the result of a 
recrystallization process. Therefore, the alloy has to be highly deformed in the α+β 
field to introduce enough cold work into the material. Upon subsequent solution heat 
treatment at temperatures in the two-phase field, a recrystallization and equiaxed 
microstructure is generated. Figure 3.8 a. Extended annealing coarsens equiaxed 
microstructures is generated. Figure 3.8 b. The solution heat treatment temperatures 
itself determines the volume fraction of the primary α. Solution heat treatment just 
below the β-transus temperature results in bimodal microstructures that consist partly 
of equiaxed (primary) α in lamellar α+β matrix. Figure 3.8 c, d. Bimodal 
microstructures can be considered to be a combination of lamellar and equiaxed 
microstructure [21]. 
 
Figure 3.9 : Equiaxed microstructures of Ti6Al4V via recrystallization : a) fine 
equiaxed; b) coarse equiaxed; c.d) bimodal (OM,TEM) [21]. 
Mechanical behaviour of the titanium alloy is affected by various microstructures. 
Fine scale microstructure results in high strength and ductility. Furthermore, fine 
microstructures retard crack nucleation and they are a prerequisite for super-plastic 
deformation. On the other hand coarse microstructure is more resistant to creep and 
fatigue growth. Equiaxed microstructures often have high ductility as well as fatigue 
strength and are preferred for super plastic deformation, while lamellar structures 
have high fracture toughness and show superior resistance to creep and fatigue crack 
growth. Since bimodal microstructures combines the advantages of lamellar and 
equiaxed structures, they exhibit a well-balanced property profile [21]. 
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4.  TIG WELDING OF TITANIUM ALLOY (Ti6Al4V) 
Tungsten inert gas welding has become a commonly used welding on the application 
of the joining operation of Ti6Al4V alloy. This welding operation is generally used 
to join narrow sections [26]. 
In TIG welding grains become more extensive in the weld metal and consequently, 
the HAZ in the titanium alloys. Mechanical properties (toughness and ductility) are 
decreased by increase of the grain size [33]. 
Molten titanium reacts readily with oxygen, nitrogen and hydrogen and exposure to 
these elements in air or in surface contaminants during welding can adversely affect 
titanium weld metal properties. As a consequence, certain welding processes such as 
shielded metal arc, flux cored arc and submerged arc are unsuitable for welding 
titanium. In addition, titanium cannot be welded to most other metals because of 
formation of embrittling metallic compounds that lead to weld cracking [32]. Also, 
hot heat affected zones and root side of titanium welds must be shielded until 
temperatures drop below 426°C. 
4.1 Welding Metallurgy of Titanium Alloy 
Since solidification of the FZ and because of solid state transformations in the HAZ 
is directly influenced in heating and cooling rate during welding; welding metallurgy 
is significant. The heat temperature, and the heating and the cooling rates at a 
particular location depend on process and the process parameters used and the 
location in relation to the weld centreline depth below the surface of the material. β 
grain size prior to the phase transformation and cooling rate is critical and these 
characteristics have the most significant effect on the mechanical properties of the 
weld [34]. 
4.1.1 Beta grain structure 
The fusion zone is defined as the region where the temperature exceeds the alloy’s 
effective liquidus temperature (TL). The fusion boundary separates the FZ from the 
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near HAZ. This boundary is difficult to determine in arc welded titanium alloys due 
to the large β grains in this region. The near HAZ is approximately the region where 
the maximum temperature is greater than β-transus temperature (Tβ) and less than 
TL, while the far HAZ is the affected material where the maximum temperature is 
less than Tβ and greater than the minimum temperature required for micro structural 
change [34]. 
β phase cellular, dendritic and columnar solidification modes may occur within a 
weld depending on the solidification parameter. The FZ prior β grain size increase 
with specific heat input. However, the base metal microstructure also significantly 
influences the FZ grain size, as β grains in the FZ nucleate epitaxially from β grains 
in the base metal substrate [34]. 
 
Figure 4.1 : The microstructure of Ti6Al4V and correlated with maximum 
calculated temperature [34]. 
The shape of the weld pool also influences the competitive growth of grains during 
solidification. In order to avoid high cooling rates that transform the microstructure 
to martensite, there are several method has been developed to reduce the prior β grain 
size. The reduced β grain size restricts the growth of micro structural features from 
the grain boundary that improve mechanical properties. The grain size through the 
HAZ region is determined by the peak temperature through solid state diffusion and 
grain growth mechanism [34]. 
At low cooling rates α-plates grow from the grain boundary may orient together to 
form α colony. The size of the colony and individual plates decreases with increasing 
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cooling rate and increasing content of β stabilisers. It creates α’martensite. 
Martensite is supersaturated non-equilibrium hexagonal α phase formed by 
difusionless transformation of the β phase. The hardness of the α’martensite 
increases with increasing β stabilisers. 
4.2 Welding Environment 
Generally welding is applied in air by using gas shielding, while chamber or glove 
box welding of titanium is still in use today. Argon is the most used shielding gas but 
if more heat and greater weld penetration is required, argon-helium mixture 
occasionally used as shielding gas. Conventional welding power supplies are used 
both for gas tungsten arc and for gas metal arc welding. Tungsten arc welding is 
done using DC straight polarity while reverse polarity is used with the metallic arc 
[32]. 
4.3 Inert Gas Shielding 
It is essential that proper gas shielding is important to have successful arc welding of 
titanium. Care must be taken to ensure that inert atmosphere protection is maintained 
until the weld metal temperature cools below 426°C [32]. This is accomplished by 
maintaining three separate gas streams during welding.  
The first or primary shield gas stream issues from the torch and shields the molten 
puddle and adjacent surfaces. The secondary or trailing gas shield protects the 
solidified weld metal and heat-affected zone during cooling. The third or backup 
shield protects the weld underside during welding and cooling. There are various 
techniques are developed to provide these trailing and backup shields. The backup 
shield can take many forms.  
One commonly used for straight seam welds is a copper backing bar with gas ports 
serving as a heat sink and shielding gas source. Complex work piece configurations 
and certain shop and field circumstances call for some utility in creating the means 
for backup shielding. This often takes the form of plastic or aluminium foil 
enclosures or “tents” taped to the backside of the weld and flooded with inert gas 
[32]. 
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4.4 Weld Joint Preparation 
Before welding, it is essential that the weld joint surfaces should be free of any 
contamination and that they remain clean during the entire welding operation. The 
same requirements apply to welding wire used as filler metal. Contaminants such as 
oil, grease and fingerprints should be removed with detergent cleaners or non-
chlorinated solvents. Light surface oxides can be removed by acid pickling while 
heavier oxides may require grit blasting followed by pickling [32]. 
4.5 Weld Quality Evaluation 
A good measure of weld quality is weld colour. Bright silver welds are an indication 
that the weld shielding is satisfactory and that proper weld interpass temperatures 
have been observed. Any weld discoloration should be cause for stopping the 
welding operation and correcting the problem.  
Light straw-coloured weld discoloration can be removed by wire brushing with a 
clean stainless steel brush, and the welding can be continued. Dark blue oxide or 
white powdery oxide on the weld is an indication of a seriously deficient purge [32]. 
The welding should be stopped, the cause determined and the oxide covered weld 
should be completely removed and re-welded. For the finished weld, non-destructive 
examination by liquid penetrate, radiography and/or ultrasound are normally 
employed in accordance with a suitable welding specification. At the outset of 
welding it is advisable to evaluate weld quality by mechanical testing. This often 
takes the form of weld bend testing, sometimes accompanied by tensile tests [32].  
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Table 4.1 : Assessment of weld surface contamination level [35]. 
# 
Weld 
surface 
appearance 
Interpretation 
Probable 
effect on 
mechanical 
properties 
Recommended 
action 
Example 
01 Bright silver 
Correct 
shielding 
None 
Not 
measureable 
Acceptable 
 
02 Silver 
Correct 
shielding 
None 
Not 
measureable 
Acceptable 
 
03 Light straw 
Slight 
contamination 
Very slight Acceptable 
 
04 Dark straw 
Slight 
contamination 
Very slight Acceptable 
 
05 Brown 
Slight 
contamination 
Very slight Acceptable 
 
06 Brown-blue Contamination 
Slight except 
for possible 
hard surface 
layer 
Remove by 
emery, brush 
etc then check 
hardness 
 
07 Bright blue 
Heavier 
contamination 
Slight except 
for possible 
hard surface 
layer 
Check hardness, 
remove 
surface layers if 
necessary, then 
re-weld  
08 Green-blue 
Heavier 
contamination 
Affected 
Check hardness, 
remove 
surface layers if 
necessary, then 
re-weld  
09 
Dull leaden 
grey 
Flaky white 
oxide 
Very heavy 
contamination 
Moderate to 
very severe. 
Welds will be 
hard and 
brittle 
Unacceptable 
Remove weld 
and effected 
weld area 
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4.6 Mechanical Properties of Titanium Weldments 
For thin sheets; in aerospace application ambient and high temperature strength and 
S-N curve fatigue characteristic are most important. For thick section used in 
aerospace and corrosion resistant applications fracture toughness and fatigue crack 
growth rate are also significant. The mechanical properties of titanium weldments are 
a function of both the microstructure and the presence of residual stresses and 
defects. Figure 4.2 displays effect of cooling rate from β phase field on proof stress 
and ductility of fully lamellar structures in α+ β alloy [34]. 
 
Figure 4.2 : Effect of cooling rate from β phase field on proof stress and ductility of 
fully lamellar structures in α+ β alloy [34]. 
4.6.1 Tensile properties 
It is expected that a weld has a similar strength and ductility across the entire 
composite region. In order to observe the strength of weld region, titanium weld 
joints is compared with the strength of the base metal using longitudinally and 
transversely oriented specimen. The failure location in transverse weld identifies the 
weakest region in the weld and determines the strength of the joints [34]. 
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The failure for transverse tensile in α+ β titanium may occur in any of the three weld 
region. (FZ, HAZ or base material)The base metal is commonly welded in mill 
annealed condition with FZ subsequently harder than the base material. At this time, 
failure occurs in the base metal. If the base metal heat treated and age before 
welding, fracture may occur in the FZ. Post-weld heat treatment will reduce tensile 
strength while increasing the ductility [34]. 
4.6.2 Fatigue properties 
Defects and joint geometry may lead to stress concentration in welded structures that 
cause initiation of the fatigue cracks. In the absence of defects, fatigue cracks occur 
in the region of lower strength, often located some difference from the FZ. The S-N 
properties of GTAW Ti6Al4V are slightly better than the base material. Cast 
Ti6Al4V welded specimen has better fatigue properties than base material [34]. 
 
Figure 4.3 : Influence of pulse current on fatigue properties for autogenous full 
penetration GTAW Ti6Al4V [34]. 
Fatigue crack initiation is significantly delayed by tensile residual stress in welded 
structures. On the other hand porosity, particularly located near the surface has a 
significant influence on a fatigue crack initiation.  
Geometry specific stress concentrations due to joint geometry or surface defects may 
be eliminated by grinding.  
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4.6.3 Fracture toughness 
For thicker section fracture toughness is critical. The as welded FZ in α+ β processed 
based material has significantly greater fracture toughness that is shown in Table 4.2. 
A lower heat treatment temperature (700˚C) may reduce the fracture toughness from 
the as welded levels [34].  
Table 4.2 : Fusion zone fracture toughness of weld in wrought Ti6Al4V [34].  
   JIC, kJm
-2
   
Process As welded PWHT (700˚C ) PWHT (900˚C ) 
Automatic GTAW 96 50 107 
Manual GTAW 91 53 110 
EBW 100 44 125 
Base metal fracture toughness 68   
Gas tungsten arc welds require two welds. JIC parameter is used due to 6mm thick specimen size. Both single and multi piece 
specimen techniques were used with the result s of the single specimen technique given in table.  
PWHT, post-weld heat treatment; EBW, electron beam welding; GTAW, gas tungsten arc welding. 
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5.  EXPERIMENTAL METHODS 
The work pieces (made of Ti6Al4V), were welded in condition of different flow 
density of surrounded gas shielding atmosphere. 
5.1 Material 
The material used in this study was Ti6Al4V sheet of 1.5 mm thickness in 7.62 × 5 
mm coupons. Coupons were supplied from TEI, Inc. The chemical composition of 
the material (ASTM B348 Grade 5) is presented in Table 5.1. Figure 5.1 displays the 
microstructures for the materials utilized in the as-received condition. 
Table 5.1 : ASTM B348 Grade 5 material composition gradient [31]. 
Element %wt value 
composition 
Al 5.5-6.5 
V 3.5-4.5 
Fe ≤0.30 
O 0.15-0.20 
C ≤0.08 
N ≤0.05 
H ≤0.015 
Other ≤0.015 
Ti Remainder 
 
 
Figure 5.1 : Micro structure of the metal. 
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5.2 Welding Equipment 
In this study TIG welding experiments were carried out by Jetline external 
longitudinal seam weld machine. 
 
Figure 5.2 : Jetline external longitudinal seam weld machine. 
For temperature measurements, thermocouples (T/C) (type K) were used. A data 
acquisition system was used to sample the signals from the thermocouples.  
 
Figure 5.3 : Data acquisition system. 
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In order to investigate cooling effect of shielding gas parameter, the specimens have 
been instrumented by thermocouple and temperature measurement has been gathered 
during welding. 
The thermal condition in and close to, the weld is very important since it controls the 
metallurgical events in the weld. Interesting parameters to control are; the 
distribution of peak temperature in the HAZ, cooling rates in the weld metal and in 
the HAZ, and the solidification rate of the weld metal [3]. Schematic view of thermal 
model is presented in Figure 5.4.  
 
Figure 5.4 : Schematic of the welding thermal model [3]. 
5.3 Welding Methodology 
TIG welding was performed using an external longitudinal seam weld machine. 
Square groove butt joint was selected as a joint type. Prior to conducting the testing, 
several steps were required. Test plates were cleaned with acetone to remove dirt and 
grease to reduce weld contamination. 
 
Figure 5.5 : Butt joints square groove [3]. 
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In order to avoid distortion, a fixture has been used during the welding of the plates. 
Throughout all experiments thoriated tungsten electrodes were used. The current and 
voltage were 80 Amps and 9.8 Volts, respectively.  
 
Figure 5.6 : Photo from welding environment 
The samples were welded at the same welding speed that was 6 IPM (inch per 
minute). The filler feet rate was 8 IPM (inch per minute).  
Ultra high purity argon (99.999%) has been used as a shielding gas on top surface of 
the workpice and at the same time bottom surface was shielded using the same purity 
of argon at a flow rate 18 cfh (cubic feet per hour). 
 There were four different shielding gas flow rate applied on the top of the 
workpieces , 30 cfh, 20 cfh, 10 cfh and 5 cfh. In order to see repeatability two 
workpieces have been welded using the same welding parameter.  
Prior to start welding  pre-flow shielding gas was applied about to 5 seconds before 
striking the arc to ensure the weld area was fully covered. 
 Once weld was finished, a 20 to 25 seconds of postflow was applied to protect the 
seam as it cooled down below the 430˚C threshold. This is the point at which oxygen 
no longer reacts with titanium.  
This setup is illustrated in Table 5.2. 
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Table 5.2 : Processing parameters used in the study.   
Test 
Number 
Gas flow 
rate 
CFH 
Current 
A 
Voltage 
V 
Travel 
speed 
IPM 
Backing gas 
required 
CFH 
Filler 
feed 
rate 
IPM 
Weld_1 30 80 9.8 6 18 8 
Weld_2 30 80 9.8 6 18 8 
Weld_3 20 80 9.8 6 18 8 
Weld_4 20 80 9.8 6 18 8 
Weld_5 10 80 9.8 6 18 8 
Weld_6 10 80 9.8 6 18 8 
Weld_7 5 80 9.8 6 18 8 
Weld_8 5 80 9.8 6 18 8 
5.4 Temperature Measurement Techniques 
There are various sensors that can be used for temperature measurement. All of them 
measure the temperature by sensing a change in a physical characteristic. 
Thermocouple is most widely used method, in addition to T/C there are several other 
techniques as resistance temperature devices (RTD’s and thermostats), infrared 
radiators, bimetallic devices, liquid expansion devices and change of state devices 
[36].  
In this work; T/C measurement has been used to obtain thermal time histories on 
plates. The main purpose of the T/C measurements was to have an idea on effects of 
different flow rate gas shielding applications on cooling rate of welded area. 
Thermocouple is the most common method used to measure temperature. This is due 
to the fact that they are cheap, interchangeable and can measure a wide range of 
temperatures. A thermocouple consists of two wires, of different metals, that are 
joined at one end. A change in the temperature at the connection of the two wires 
will induce a change in the electromotive force (emf) between the other ends. As the 
temperature changes, the emf will change.  
Often the thermocouple wires are located inside a metal or ceramic shield that 
protects it. The most commonly used thermocouple type is type K. It has one wire of 
nickel-chromium and one of nickel-aluminium. The contact point of the 
thermocouple is spot welded on the plate at the desired position where the 
temperature history is to be recorded. 
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Thermocouples of type K with a wire diameter of 0.11 mm have been used in all 
experiments in this work on the plates. Three thermocouples were positioned 
perpendicular to the weld seam. The first gauge was mounted as closely as possible 
to the melted zone at a distance of 5 mm from the centre of the weld. There is 1.7 
mm distance between the three thermocouples, Figure 5.7.  
 
Figure 5.7 : Thermocouple was instrumented on plate. 
As shown in the below figure there were 3 T/C that located 5 mm away from the 
centre of the weld.A data acquisition system was used to sample the signals from the 
thermocouples and the measurement data was simultaneously written to paper. The 
complete measurement system (including T/C wire) was calibrated over the whole 
measurement range. 
The T/C collects data during a maximum time interval of 8 seconds. Measurement 
response time is critical, especially when the T/C is installed close to the weld. This 
data then have to be written to disk before a new sampling sequence can be gathered.  
 
Figure 5.8 : Thermocouple location on the work piece. 
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5.5 Characterization of Welded Samples 
Some of the features that contribute to the strength of materials, and virtually all of 
the features that initiate mechanical failure, are resolved by optical microscopy. 
Thus, preparation of optical microscopy specimens, their observation using optical 
microscopes, and interpretation of photographs taken with optical microscopes 
(micrographs) play a vital role to understand the origin of material properties. In this 
study various operations that were performed for preparing the specimens, detailed 
microscopic study the hardness tests and tensile tests were done on the Ti6Al4V 
specimens. Optical microscopic samples were prepared using traditional 
metallographic sample preparation techniques. The objective of preparing 
metallographic specimens was to reveal the structural features so that they can be 
observed and possibly measured. The first step was to prepare a highly polished 
surface, and the second step was to chemically or electrochemically attack the 
surface in a way that would reveal the grain boundaries. Each of these steps involved 
many separate operations. These individual operations are discussed in the following 
section in the order they were performed. 
5.5.1 Preparation of metallographic specimens 
After welding, metalographic specimen were extracted from butt joints by sectioning 
transverse to the welding direction; was achieved using water-jet cutting to eliminate 
heat induction during cutting as it could have influenced the microstructure. Samples 
were mounted in bakalite by using a hydrolic specimen mounting press.  Mechanical 
polishing was performed using 180, 240, 320, 400, 600 and 800 grit silicon carbide 
grinding papers. A final polish was achieved by placing samples in a colloidal silica 
vibromet for a 24 hour polishing period.To perform optical microscopy, samples 
were etched with Kroll’s etchant (3 ml HF, 6 ml HNO3, 100 ml H2O) for 6 – 10 s, 
depending on the zones of interest.  
5.5.2 Optical microscopy 
Microstructural examination was carried out using an inverted metallurgical 
microscope (Olympus GX71) equipped with an Olympus digital camera (XC50) and 
Clemex digital imaging software. For each condition, at least three weld cross-
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sections were analyzed to obtain joint dimensions including FZ width and area, HAZ 
area, underfill area, maximum underfill depth and porosity.  
The light grains are the beta grains while dark grains are the alpha grains. The reason 
for this contrast is due to the difference in the reflectivity of alpha and beta phases 
during etching [38]. The reagent selected for etching the specimens was Kroll’s 
reagent, which selectively attacks only the alpha phase [38], thus a contrast appears 
between the alpha and beta grains. 
5.5.3 Grain orientation 
The pictures were taken in order to understand grain orientation of the materials as 
recieved condition. They are illustrated in Appendix A1. Welding microstructure 
between two base matal is significantly related with the prior α grain orientation.  
5.5.4 Microscopic analysis of fusion zone grain sizes  
The mean linear intercept method can be used for measuring the grain size. In this 
method a test line is marked on the micrograph as illustrated schematically in Figure 
5.9 (a). The number of intersections of the line with grain boundaries is counted and 
used in the following formula:  
          D = Length of test line / (Number of intercepts x Magnification)              (5.1) 
Where D = mean linear intercept grain size 
 
Figure 5.9 : Illustration of the method used to measure the mean linear intercept 
grain size. a) A test line is marked on the micrograph. b) A longer test 
line is composed of several segments. c) A circular test line. 
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The test line placed in different locations produced different number of intercepts, 
resulting in a different calculated grain size. To make an accurate grain size 
measurement using this method, it was necessary to use a long enough line length so 
that large number of intercepts could be counted. In order to get large number of 
intercepts, it was not necessary to use a single line length rather a set of parallel lines 
as shown in Figure 5.9 (b) could be used, or a circle as shown in Figure 5.9 (c) could 
be positioned over several different micrographs in succession.  
To investigate the changes in the grain size, which might have been caused by the 
different heating and cooling rate, various pictures were taken on the machined 
surfaces. 
5.6 Micro-Hardness Test 
The microindentation hardness profiles across the welded plates were measured 
using a 300 g test load and a dwell period of 5 seconds with a automatic Vickers 
micro-hardness machine  having a fully automated testing cycle. Prior to indenting, 
the sample surface was slightly etched for optical focusing. For each weld condition, 
hardness profile  acros the base metal to FZ were made with an indent. 
5.7 Tensile Sample Preparation and Testing 
The welds were done parallel to the rolling direction of the Titanium sheets. Three 
tensile specimens for each weld were cut perpendicular to the weld line as shown in 
Figure 5.10. Shear machine was used for sectioning the specimens to avoid limiting 
the risk of heat energy induced onto the material which may influence the 
microstructure and tensile properties. 
 
Figure 5.10 : Configuration of specimen removed on welded plate. 
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The tests were performed on the Shimadzu tensile testing machine tensile tester with 
a cross-head speed of 2 mm/min. 
5.8 Fracture Surface Examination 
The fractured surfaces of tensile tested samples were investigated utilizing a stereo 
microscope.  
Ductile fractures exhibit certain characteristic microscopic features: 
• A relatively large amount of plastic deformation precedes the fracture 
• Shear lips are usually observed at the fracture termination areas 
• The fracture surface may appear to be fibrous or may have a matte or silky texture, 
depending on the material 
• The cross section at the fracture is usually reduced by necking 
• Crack growth is slow  
Macroscopically, brittle fractures are characterized by the following: 
• Little or no visible plastic deformation precedes the fracture 
• The fracture is generally fiat and perpendicular to the surface of the component 
• The fracture may appear granular or crystalline and is often highly reflective to 
light. Facets may also be observed, particular/y in coarse-grain steels 
• Herringbone (chevron) patterns may be present 
• Cracks grow rapidly, often accompanied by a loud noise 
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6.  RESULTS AND DISCUSSION 
6.1 Effect of Shielding Gas Flow Rate on Weld Surface Colour 
Table 6.1 lists the changes weld surface colour with decreasing shielding gas flow 
rate. The surface colour changed from silver on the welds with 30 cfh shielding gas 
flow rate, which is similar to the original colour of the base metal, to light straw as 
shielding gas flow rate  was decreased to 20 cfh, to dark blue/brown and even 
powder white as shielding gas flow rate was greatly reduced. Since the reduction of 
flow rate causes the insufficient surroundings against preventing the oxygen which is 
available in the surrounded atmosphere, oxidation was occurred during welding and 
results surface discoloration on the weld surface. This observation, which was similar 
to most findings for gas tungsten arc welds, indicated that the degree of discoloration 
of the weld surface could be related to the oxygen contamination in the shielding gas, 
since the colour change was a direct result of the change in the thickness of oxide 
film [39]. Table 6.1 shows that weld number 1 and 2 were exposed sufficient 
shielding. Weld number 1 had a silver colour, which means that there was no 
contamination. Weld number 2 had light straw colour, which means slight 
contamination but the weld is acceptable according to assessment of weld surface 
contamination level [35]. Weld number 3 had a dark blue colour at some weld 
region, which means that there was heavy contamination. Weld number 4 had a flaky 
white oxide, which means that there was heavy contamination and it is recommended 
that weld is not acceptable and should be removed.By macro examination of the 
weld cross sections; it was noted that FZ region has been extended with reduction of 
gas shielding flow rate. It is considered that this could be caused by reduction of the 
cooling rate. Also it was seen that grain size was slightly increased by decreasing as 
shielding flow rate. FZ grain sizes will be discussed in further sections. 
Therefore, it should be noted to use the discoloration as an inspection tool of the 
shielding deficiency because the colour sequence (from straw, purple to blue) repeats 
itself as the oxidation thickness increases [40]. 
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Table 6.1 :  Weld surface overview 
# 
Shielding 
Gas 
Flow 
Rate  
Peak 
Temperature 
(˚C) 
Weld 
surface 
appearance 
Recommended 
action 
Cross Section  
(Optical microscope: 10x) 
Weld Surface overview 
1 30 cfh 447 
Bright 
Silver 
Acceptable 
 
 
2 20 cfh 534 
Light 
straw 
Acceptable 
 
 
3 10 cfh 561 
Dark-Blue 
Dark-
Brown 
Check hardness, 
remove surface 
layers if 
necessary, then 
re-weld   
4 5 cfh 676 
Flaky 
white 
oxide 
Unacceptable 
Remove weld 
and effected 
weld area  
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6.2 Temperature Measurement and Surface Colour 
The peak temperature was shown to be strongly dependent on the shielding gas flow 
rate. Figure 6.1 shows peak temperature measurements at elevated shielding gas flow 
rate during welding. 
 
Figure 6.1 : Relationship between peak temperature and shielding gas flow rate. 
It was noted that peak temperature was increasing when the gas shielding flow rate 
was decreasing. It was observed that the peak temperature directly affect the weld 
surface colour.  
As shown on Table 6.1 at high temperature titanium oxidation tendency is higher; as 
a result deficiency in gas flow rate against oxidation creates discoloration. 
Figure 6.2 shows a range of colours that developed when Ti6Al4V was exposed to 
atmospheric conditions at elevated temperatures.  
At temperature around 426 ⁰C surface colour is acceptable level. As peak 
temperature was increased surface colour changed from silver to dark blue/brown 
and even powder white. 
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Figure 6.2 : Relationship between peak temperature and weld surface colour. 
6.3 Cooling rate 
The cooling rates were calculated based on the data that were gathered during 
welding. At Figure 6.3 it is seen that decrease in the shielding gas flow rates results 
decrease in the cooling rate. Limited experimental measurements of cooling rate, 
carried out by instrumented welding. The model was further used to predict the peak 
temperature profile across the HAZ. 
Cooling rate for each specimen was calculated in °C/s from a simple equation:  
t
TT
eCoolingRat
fi


               (6.1) 
Where; 
Ti = Peak temperature determined from Figure 6.2 
Tf = When the temperature cools down, Tf corresponds the temperature at 100 ˚C 
Δt =Cooling time from peak temperature to 100 ˚C 
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Figure 6.3 : Shielding gas flow rate vs. cooling rate 
Lower heat input results the faster cooling rate. This prevents extreme oxidation after 
freezing of the weld because the temperature of the weld and heat affected zone 
drops very fast. Furthermore, changes in thermal condition caused by welding 
variables can affect the microstructure and consequently the material properties. 
6.4 Microstructures 
An analysis was made to verify the microstructure of the parent material. Figure 6.4 
illustrates the microstructure; α-phase (dark) is surrounded by β-phase (light), which 
agrees with the mill-annealed α+β titanium microstructure, which is equiaxed.  
The microstructure development in the FZ depends on the solidification behavior of 
the weld pool. The principles of solidification control the size and shape of the 
grains, segregation, and the distribution of inclusions and porosity.  It should be 
noted that not all the α-phases are the same darkness due to the etchant (containing 
hydrogen peroxide), as it only stains α-phases. 
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Figure 6.4 : Microstructure of base metal as received condition (500X) 
Figure 6.5 shows that variations in the macrostructure are clearly observable. Heat 
Affected Zone (HAZ) where the microstructure has experienced solid state 
transformations and the Fusion Zone (FZ) where the metal has been molten. The 
microstructure HAZ on either side of FZ can be easily distinguished in the Ti6Al4V 
weldments, as shown in Figure 6.5. 
 
Figure 6.5 : Typical microstructures in base metal middle HAZ and fusion zone 
As the HAZ close to the FZ (near HAZ) experiences higher temperatures during 
welding than that close to the base metal (far HAZ), the phase constituents were 
observed to evolve within the HAZ. In particular, the HAZ region cooled from above 
a temperature sufficient to change the microstructure. To this end, the lowest or 
highest temperature for the HAZ is difficult to determine as it depends on the 
transformation kinetics . The near HAZ consisted mainly of  α’ with a small amount 
of primary  α. In contrast, the far HAZ microstructure was a mixture of primary  α, 
intergranular β phase and  α’. The percentage of  α’ decreases from nearly 100% in 
the near HAZ to zero in the base metal. 
The temperature at far HAZ have been lower than β transus, but the temperature 
could be above the martensite temperature (Ms). Therefore, this could also contribute 
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to the transformation of β grains. The formation of not only equiaxed-α, but also 
transformed-β and elongated α-grains suggest the material was not fully 
recrystallized below the β-transus. Figure 6.6 illustrates a micrograph of the heat 
affected zone of weld number 1 which was applied 30 cfh shielding gas. 
 
Figure 6.6 : Typical microstructure of heat affected zone (30cfh-200X) 
Figure 6.7 illustrates the microstructure of fusion zone. Microstructurally, the fusion 
zone is composed of recrystallized β-grains with a continuous network of α at the 
grain boundary. In addition, the cooling rate will dictate the grain interior structure as 
having lamellar α+β (colony), Widmanstatten, or basketweave structures. 
Furthermore, the thickness of α-plates formed is related to the cooling rate, in which 
increasing cooling rates generate a decrease in α-plate thickness. As the FZ prior-β 
grain size increases with increasing heat input during welding, the prior-β grain size 
was observed to decrease with increasing shielding gas flow rate.  
 
Figure 6.7 : Typical microstructure of fusion zone (30cfh-200X) 
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The characteristics of microstructure within the prior-β grains of the FZ mostly 
consists of α’ martensite with an acicular morphology that is a supersaturated non-
equilibrium  hexagonal phase produced from the diffusionless transformation of the β 
phase. As vanadium suppresses the martensite formation temperature below room 
temperature, the FZ microstructure may include some remnant β [42]. 
When this alloy is slowly cooled from the β region, the α-phase begins to form below 
the β-transus temperature. The α-phase can be nucleated within the β-grains as well 
defined plates that grow with their long dimension parallel to {110} plane. In this 
case, continued transformation occurs by growth and coarsening of the needles and it 
seems that growth is relatively easy. This type of α-phase is the well-known 
Widmanstatten α-phase that forms as plates or needles [43]. 
Parallel Widmanstatten α-laths grew from such a grain boundary α-layer into the β-
grain with sharp and straight surface reliefs which can often be observed in a 
displacive transformation. The thickness of Widmanstatten laths was very small at 
the nucleation sites and increased with penetrating into the β-grain up to the middle 
points of laths, the shape being almost lenticular [43]. 
On the other hand, a certain decrease of a allotromorphous phase size at the grain 
boundaries can be observed when the cooling rate is increased. This fact is clear 
when Figures 6.8 are compared. This behaviour can be explained because lower 
cooling rates imply a bigger diffusivity and therefore favour the more uniform 
growth of the a allotromorphous phase [43]. 
The thickness of the α-lamellar structure formed inside the recrystallized β-grains 
differs slightly for W1, W2, W3, and W4. From Figure 6.8(f), the α-plate thickness is 
nearly that of the grain boundary α, indicating a very slow cooling rate through the 
α+β phase field. This coarse grain boundary α is a result of increased time at elevated 
temperatures in the α+β  phase field, where growth of α-phase is allowed. While in 
Figure 6.8(a) and Figure 6.8(f) a much finer lamellar structure is formed. 
The influence of the cooling rate on the α-Widmanstatten plate sizes can be observed 
when Figure 6.8 were compared. These micrographs show that the α-Widmanstatten 
plate size increases when the cooling rate decreases. The α-Widmanstatten plates 
obtained at slow cooling rates are thicker than the plates obtained at faster cooling 
rates.  
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Due to slow cooling from the β-transus, α-phase is nucleated at the β grain boundary, 
in which a continuous network of α is produced. Further cooling allows for formation 
of α-plates promoting colonies of lamellar α+β. For increasing cooling rates, the 
lamellar spacing is decreased with increasing colony formation, generating a basket-
weave microstructure. Figure 6.8 illustrates the effect of shielding gas flow rate on 
grain arrangement in the fusion zone. It was noticed that grains were coarsening 
while the cooling rate were decreasing which was resultant from the higher heat 
input during welding. For increasing temperature in the FZ, grain growth was 
occurred more readily. The fusion zone had a bimodal structure which is the 
equiaxed primary α phase and lamellar α/β within the β phase. This phase usually 
occurs for cooling from above the β-transus. 
 
Figure 6.8 : Optical micrographs of FZ with respect to shielding gas flow rate 
parameters; x100 a)30 cfh; b)20 cfh; c)10 cfh; d)5 cfh 
6.5 Fusion Zone Grain Size 
The grain size is an important microstructural characteristic of Ti6Al4V as it has an 
important effect on the material properties. At low temperatures (less than 1/3 of the 
absolute melting temperature) grain boundaries strengthen materials. On the other 
hand, at high temperatures (above 1/2 of the absolute melting temperature), grain 
boundaries enable creep deformation to occur more rapidly [37]. It has to be noted 
56 
 
that at low temperatures grain boundary can act as a source of strength through 
resisting intragranular dislocation movement [38]. At high temperatures grain 
boundary is the source of weakness because it permits relative movement of one 
grain past another and also offers a preferred fracture path. These generalities can 
apply to fatigue [38].In order to make comparision of grain sizes between the W1, 
W2, W3 and W4 specimens; a large number of parallel lines were drawn on the 
micrographs of fusion zones as illustrated on below figures,  so as to obtain large 
number of intercepts. Calculations were done for true average grain diameters using 
equation (5.1) and it was found that the grain size is increasing when the shielding 
gas flow rate is decreasing. 
        D = Length of test line / (Number of intercepts x Magnification)                (5.1) 
Where D = mean linear intercept grain size 
The relationship between the cooling rate and the grain size is show in Figure 6.9, 
which shows that the grain size is smaller when the cooling rates increase. 
 
Figure 6.9 : Grain size of the fusion zones as the function of the cooling rate  
As expected, when the temperature increases the grain growth kinetics are faster and 
for a given temperature the grain size increases with time.  
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Figure 6.10 : Measerument of grain sizes on W1(100X) 
 
Figure 6.11 : Measerument of grain sizes on W2(100X) 
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Figure 6.12 : Measerument of grain sizes on W3(100X) 
 
Figure 6.13 : Measerument of grain sizes on W4(100X) 
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6.6 Micro-Hardness 
Figure 6.15, the hardness profile of specimens, shows that the micro hardness 
behaviour evolves from the lowest values in base metal (330 ± 12 Hv) to the highest 
values in the FZ (382 ±24 Hv) of the Ti6Al4V weldments. The maximum hardness 
in the FZ (~17 % increase relative to base metal) is related to the presence of oxide in 
the FZ, which exhibits high hardness. The hardness significantly decreases in the 
HAZ with the decrease in the amount of α’martensite from the near HAZ to the far 
HAZ. The hardness of the near HAZ remains practically similar to that of the FZ due 
to the dominating presence of α’martensite phase in the microstructure.  
 
Figure 6.14 : A typical hardness distribution profile with respect to shielding gas 
flow rate. 
The effect of cooling rate on the micro hardness of these welds is significant, and the 
final hardness result depends on the interaction of cooling rate with the efficiency of 
surrounded atmosphere against oxidation. 
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The plot for all three welds showed a lot of variation in hardness across the weld; 
therefore for the respective zones the average hardness values were calculated. The 
summary of the hardness values are shown in Table 6.2. 
Table 6.2 : Average hardness values of FZ, HAZ and base metal 
# 
Shielding Gas 
Flow Rate (cfh) 
 HV of FZ HV of HAZ 
HV of 
Base Metal 
1 30  368±9 364±8 330±12 
2 20  362±10 359±5 339±16 
3 10  356±8 344±6 325±21 
4 5  382±24 354±8 329±16 
Figure 6.16 indicates the effect of shielding gas flow rate on the FZ average 
hardness. It was found that the average hardness has a trend to increase with 
increasing flow rate. This could be due to grain refinement in the FZ, and strain-
hardening could have occurred, which normally creates increase in hardness value. 
The decreased in flow rate to10 cfh decreased the surface hardness from 368 Hv to 
356 Hv. 
 
Figure 6.15 : Shielding gas flow rate vs. average hardness of FZ and HAZ 
On the other hand; when the flow rate was 5 cfh, it was observed that the Hv was 
greatly increased. This increase in hardness as the oxygen content increase was due 
to both increased surface oxide film thickness and increased oxygen diffused into the 
surface layer of the weld. The oxygen content increased the highest weld hardness all 
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the way to 408 Hv for the weld with 5 cfh, which came from both micro structural 
change and absorbed and diffused oxygen in the weld metal. Therefore, surface 
hardness could be a good indication of the gas shielding deficiency.  
The difference in hardness change was caused by the different cooling rates TIG 
welding, similar to the difference in weld microstructure of TIG welds. Figure 6.17 
indicates the hardness value as a function of cooling rate. 
 
Figure 6.16 : Hv as the function of the cooling rate 
 
Figure 6.17 : Hv as the function of the peak temperature. 
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As peak temperature increases, a decrease in hardness was found, along with the 
trend of decreasing hardness up to 10cfh. But as discussed before when the peak 
temperature is about 680 ᵒC, the oxidation tendency is higher so oxygen diffused into 
the surface layer of the weld. Due to the oxygen content increased, the weld hardness 
was increased. 
The effect of cooling rate on the microhardness of these welds is significant, and the 
final hardness result depends on the interaction of cooling rate with the composition 
including oxygen contents. Therefore, surface hardness could be a good indication of 
the gas shielding deficiency. 
6.7 Tensile Strength 
The failure location for transverse tensile tests in α+β titanium may occur in any of 
the three weld regions (FZ, HAZ or the base material). The base metal is commonly 
welded in mill annealed condition with the FZ subsequently harder than the base 
material. It is expected that failure will occur at base metal otherwise weldability 
should be examined in order to identify detoriation of the mechanical behaviour of 
joint. 
Table 6.4 shows the fracture locations of the joints welded at different shielding gas 
parameter, including the tensile results of the weld specimens. The reference base 
metal UTS is about 992 MPA.  The resulting tensile strengths are divided into four 
levels which are: level 1 for welds made at 30 cfh, level 2 for welds made at 20 cfh, 
level 3 for welds made at 10 cfh and level 4 for weld made at 5 cfh. For level 1,2 and 
3 the fracture locations are distant from the weld centre, and the fracture parts 
inclined a certain degree to the bottom surfaces of the joints while level 4 welds 
fracture locations are near to the weld centre. This means that mechanical properties 
of weldability have been decreased due to deficiency of shielding gas. 
Though weld No.3.3 gave high fracture stresses, it was about 1000 MPa and failure 
was occurred at base metal. The lowest tensile strength was found at weld No.4.1 
which was 475 MPa and failure was occurred on FZ. For 1.1 and 2.3 fracture 
locations are near to the weld centre. When welding defects exist in the joints, the 
fracture locations of the joints are significantly affected by the defects 
Force vs. elongation graphs have been illustrated in Appendix A2. 
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Table 6.3 : Tensile tests results and fracture location of joints 
Shielding 
Gas 
Flow Rate 
(cfh) 
# 
Fracture 
Stresses 
(MPA) 
Region of Brakeage 
30 
1.1 972 
 
1.2 973 
1.3 971 
    
20 
2.1 992 
 
2.2 995 
2.3 936 
    
10 
3.1 973 
 
3.2 997 
3.3 1000 
    
5 
4.1 475 
 
4.2 681 
4.3 607 
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Table 6.4 : Top view of fracture surfaces 
Shielding 
Gas 
Flow 
Rate (cfh) 
# 
Fracture 
Stresses 
(MPA) 
Region of 
Brakeage 
Top view of fracture surface 
30 
1.1 972 HAZ 
 
1.2 973 BM 
 
1.3 971 BM 
 
     
20 
2.1 992 BM 
 
2.2 995 BM 
 
2.3 936 HAZ 
 
     
10 
3.1 973 BM 
 
3.2 997 BM 
 
3.3 1000 BM 
 
     
5 
4.1 475 FZ 
 
4.2 681 FZ 
 
4.3 607 FZ 
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6.8 Fracture Surface Examination 
To investigate the fracture surface of welded Ti6Al4V, following pictures were taken 
using stereo microscope. Base metal fracture surfaces, shown in Figure 6.19 a), b), 
c), revealed ductile fracture, due to the base metal fractured in a ductile manner with 
classical dimple morphology. The overall fracture surface appearance for base metals 
is almost identical. Figure 6.19 d) shows the fracture surface of the 5cfh weld 
condition, which exhibited lowest tensile strength. Failure occurred within the weld 
zone. Brittle fracture has been seen due to rapid fracture preceded by little or no 
deformation. Figure 6.19 d) shows a typical intergranular structure that can be seen 
in the stereo microscope. The dominant cracking mechanism is intergranular 
fracture. 
 
Figure 6.18 : Fracture surfaces of tensile specimen(40x) a) 30 cfh; b) 20 cfh; c) 
10cfh; d) 5 cfh  
Figure 6.20 shows the welding defects in the joints of tensile specimen 1.1 and 2.3 
which failure occurred near to the weld centre. It was not expected that fracture 
location was near to weld centre. While the base metal fractured in a ductile manner 
with classical dimple morphology, the fracture of the 1.1 and 2.3 were similar to that 
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of the some base metal but included locations with less ductile features. So it is 
interpreted that breakage location is at HAZ. It can be seen from Figure 6.20 c) that 
there is a big gap causes the fracture at HAZ region. The surface defects are clearly 
visible along the edges of the cut surfaces. 
 
Figure 6.19 : a) Fracture surface of tensile specimen 2.3 (55x); b)  Fracture surface 
of tensile specimen 1.1 (40x); c) A macro-section taken across the 
fracture surface of the sample shown in (a).On the right the 
magnification is 40x, on the left the magnification is 100x 
These results reveal that changing welding parameters can result in different failure 
modes; however, further research detailing weld microstructure is required to 
determine the mechanism responsible for this failure mode transition. The 
introduction of oxygen into the shielding gas greatly reduced the ductility by 
replacing the ductile dimple structure with relatively brittle quasi-cleavage 
morphology. 
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7.  CONCLUSIONS  
This work investigated the effects of shielding gas flow rate on weld microstructures 
and properties during TIG welding of Ti6Al4V thin sheets. The experimental results, 
mainly analysed by optical microscopy and mechanical testing, have indicated 
correlations between weld surface colour, weld microstructure and mechanical 
properties (strength, ductility, hardness).  
The main conclusions include: 
 Weld surface colour changed from silver to dark blue as the flow rate of 
shielding gas decreased from 30 cfh to 5 cfh. It is concluded that the colour of 
the weld surface can be used as an indication of the degree of air 
contamination in the titanium welds.  
 The above experimental results have indicated that weld surface discoloration 
correlated to the shielding gas deficiency, weld microstructure and 
mechanical properties (strength, ductility, hardness).  
 There was a relationship between peak temperature and shielding gas flow 
rate. While shielding gas flow rate decreased measured peak temperature 
increased. As peak temperature increased; cooling rate decreased. As cooling 
rate decreased grain size slightly increased. 
 It was related that the increase in heat input results reduction in the cooling 
rate during welding and this leads to grain coarsening. The fusion zone width 
and area increase with decreasing cooling rate. 
 The average hardness tends to increase with increasing shielding gas flow 
rate. On the other hand when the shielding gas decreased to 5 cfh hardness 
value is sharply increased due to the contamination of the welding surface. 
Therefore, surface hardness could be a good indication of the gas shielding 
deficiency. 
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 Experiments showed that welded specimen which were welded under the 30, 
20 and 10 cfh shielding gas flow rate, presented tensile strength that is 
approximately equivalent to base metal tensile strength. Also, it was seen that 
the decrease on shielding gas flow rate caused the deterioration on the tensile 
strength. At 30 cfh and 20 cfh; when some welding defects exist in the joints, 
fracture locations are near to the weld centre. 
 Welded specimen which were welded under the 30 and 20 cfh are fulfill the 
discoloration requirement. On the other hand the welded specimen which 
were welded under the 10 cfh has shown the best tensile properties. 
 When the joints were free of welding defects and applied shielding gas flow 
rate above 5 cfh, the joints were fractured in base metal and the fracture parts 
undergo a large amount of plastic deformation. Base metal revealed ductile 
dimpled surfaces. The fracture locations of the joints which were exposed to 
5cfh shielding gas were in the FZ and fracture surface exhibited brittle failure 
modes.  
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APPENDICES 
APPENDIX A.1: Base Metal Grain Orientation of Welded Coupons 
APPENDIX A.2: Tensile Tests Results 
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APPENDIX A.1  
 
Figure A.1 : Base metal grain orientation of welded coupon side A (500x). 
 
Figure A.2 : Base metal grain orientation of welded coupon side B (500x). 
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APPENDIX A.2  
 
 
Figure A.3 : Tensile test results of welded metal at 30 cfh 
 
Figure A.4 : Tensile test results of welded metal at 20 cfh 
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Figure A.5 : Tensile test results of welded metal at 10 cfh 
 
Figure A.6 : Tensile test results of welded metal at 5 cfh 
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